The torsion property and rotary fatigue fracture behavior of Smart® K file and R reamer made of nickel titanium alloy have been studied by means of Shimadzu Autograph DDS-10T universal tester and man-made cyclic system with curved copper tubes as simulated root canal. The instrument surface and the cyclic fatigue fracture surface have been investigated by optical microscope and scanning electron microscope. Comparing with ANSI/ADA specification no.28, maximum torsion values of both Smart® K and R endodontic instruments are satisfied in practice. Tensile stresses on the outer surface of the endodontic instruments play a dominant role in fracture initiation during cyclic fatigue fracture. The cyclic number corresponding to cyclic fatigue fracture decreases with the increase of the instrument size number/ curvature. Smart® K-and R endodontic instruments exhibit good ductility characteristics, therefore superior resistance to fracture.
Introduction
In 1997, Pruett [1] suggested the standardized fatigue test of Nickel-Titanium rotary instruments. In 1999, HaïKel [2] studied engine-driven rotary NiTi endodontic instruments with a tempered steel curve as the simulated canal. In 2000, the first domestic Nickel-Titanium hand endodontic instruments were manufactured and registered at State Drug Administration of China for market entrance, with the special Triple-W cutting edge design [3, 4] . The aim of the present study was to evaluate the torsion property and cyclic fatigue fracture behavior of Smart® endodontic K-files and R-reamers, and provide some guidelines on the manufacturing and usage of rotary endodontic instruments for manufacturer and dentists.
Experimental
The Smart® endodontic ISO K-file and R-reamer were provided by Beijing SMART Technology Corporation. The scale of all instruments are from 15# to 40#, with 25mm shaft length, 0.02 taper, 16mm working length, triple-W cutting edge and bullet tip. There are 24 spirals at the working end for the K-file, whereas there are 16 spirals at the working end. The SEM micrograph for the cutting edge and tip of the SMART® K-file are shown in Fig.1 . The maximum torques at failure for all instruments were measure by Shimadzu Autograph DDS-10T universal testing machine, according to American Dental Association Specification No.28. The copper tubes with 0.5mm wall thickness and inner diameter of 2mm were employed as the simulated root canals. For the copper simulated root canal, there were 1 curved part in the middle and 2 straight parts aside. For the curved part, the radius of curvature was kept at 5mm, whereas the angles of curvature were selected to be 30 and 60 degrees, respectively. For the straight parts, the length along the two tangential directions of the curved tube part was 3mm for each side. The instrument shaft end was clamped in a chunk connected to a reversibly geared motor revolving at 350rpm, whereas the instrument tip end was inserted into the copper tube. The ZN 48 dual frequency counter was used to record the cycling number. 
Result and discussion
Tab. 1 summarized the average maximum torques at failure for Smart® endodontic K-files and R-reamers, together with the minimum values for each instrument size in the ANSI/ADA No.28 specification. Clearly, all the data measured in the present study satisfy the international standard. With the increase of the instrument size number, the value of the maximum torque increase. There is no significant difference between the K-file and R-reamer for the instrument with same size number. Fig.2 show the morphology of the instruments after torsion breakage, with unwinding of the spirals be the typical feature for R-reamer, compared with that of the K-file. For all instruments undergone the cyclic fatigue testing, instruments could rotate freely in the test apparatus until separation occurred, the broken tip and the shaft parts were collected after the fatigue failure. We observed the morphologies of the broken instrument after cyclic fatigue fracture under optical microscope. The unwinding of the spirals found in torsional instrument did not appear in the cyclic rotation deformed instrument. The distance from the broke position to the tip was measured carefully under the microscope for each instrument, as listed in Tab. 2. For the instrument inserted into the curved copper tube, the maximum stress position is at the tangential position at the side near the shaft, since the deformation strain for a cylinder under bending situation is equal to the diameter of the cylinder divided by the radius of the curvature, while for a root canal instrument it is a cone with the diameter increase from the tip to the shaft with 0.02 taper. The theoretical values of the distance between the maximum stress position and the tip for 30° and 60° curved simulated root canals are 5.6mm and 8.2mm. As can be found in Tab.2, although the value for 60° curved simulated root canal is higher than that of 30° curved simulated root canal, the difference in the distance for 30° and 60° curved simulated root canals is not as obvious as predicted by theoretical analysis. This may due to that the cutting edge of the instrument is always the first thing contacted with the inner surface of the copper tube, instead of the outer surface of the instrument shaft. Fig.3 and Fig.4 showed the column diagrams of the cyclic fatigue life for Smart® endodontic K-files and R-reamers, rotated inside the 30° and 60° curved simulated root canals. It can be seen that the rotation cycles before failure decrease with the increase of the instrument size for the same type instrument. As we known, the deformation strain for a cylinder under bending situation is equal to the diameter of the cylinder divided by the radius of the curvature, so the strain at the instrument shaft increase with the increase of the instrument size number. Correspondingly the cyclic fatigue
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Advanced Biomaterials VI Fig.3 The cyclic fatigue life for instrument Fig.4 The cyclic fatigue life for instrument rotated inside the 30° curved simulated canal rotated inside the 60° curved simulated canal fracture would happen at lower cycle number. Comparing with K-file, the R-reamer with the same size number have a higher cycling life, which is due to the less density of the spirals along the 16mm working length of the instrument and the smaller included angle between the cutting edge and the central line of the shaft cone. For the same instrument, with the increase of the angle of curvature from 30°to 60°, the contacting area for the instrument and the inner surface of the copper tube increased, and resulted in more severe deformation, and as a result lower rotation fatigue life. Fig.5 shows the SEM images of the fracture morphologies for the rotation fatigued Smart® endodontic K-files and R-reamers, rotated inside the 30° curved simulated root canals. Clearly, all the instruments show the ductile fracture feature. The crack originates at the cutting edge, and propagates towards the core of the instrument shaft. The shear lip can be obviously observed at the high magnification images, such as Fig.5(b) and Fig.5(d) . There are also some tearing edges appeared at the fracture surface, show high ductility for the NiTi materials. The fracture morphology for the instruments rotated inside the 60° curved simulated root canals is similar. 
Conclusions
The average maximum torques at failure for Smart® endodontic K-files and R-reamers surpassed obviously the standard values for each instrument size in the ANSI/ADA No.28 specification. Unwinding of the spirals is the typical torsion failure feature for R-reamer. The unwinding of the spirals found in torsional instrument did not appear in the cyclic rotation deformed instrument. The actual distance from the broke position to the tip is close to that of the theoretically predicted value. The rotation cycles before failure decrease with the increase of the instrument size for the same type instrument. Comparing with K-file, the R-reamer with the same size number have a higher cycling life. For the same instrument, with the increase of the angle of curvature from 30°to 60°, the rotation fatigue life decreases. SEM observations reveal ductile fracture as the cyclic fatigue failure mode. The crack originates at the cutting edge, and propagates towards the core of the instrument shaft.
